Abstract-The evolution laws of LURR (Loading-Unloading Response Ratio) before strong earthquakes, especially the peak point of LURR, are described in this paper. The results of four methods (experimental, numerical simulation, seismic data analysis and with damage mechanics analysis) lead to a consistent conclusion-the evolution laws of LURR before strong earthquakes are that, at the early stage of the seismic cycle, LURR will fluctuate around 1 and in the late stage, it rises swiftly and to its peak point. At some time after this peak point, a catastrophic event or events occur. These do not occur at the peak point, but lag behind. The lag time which is denoted by T 2 depends on the magnitude M of the upcoming earthquake among other factors. In order to consider the influence of geophysical parameters in a specific region such as _ c; E a and J (t) , where _ c is the shear strain rate of tectonic loading in situ, E a is the sum of radiated energy of all earthquake occurring in a specific region measured during a long time duration (110 years in this paper) divided by the area of the region and the time duration, and J (t) is a parameter denoting the LURR anomaly area weighted with Y (the value of LURR) and represents the expanse and degree of the seismogenic zone. The dimensional analysis method has been used to reveal the relation between M, T 2 and other parameters in situ for more reliable earthquake prediction.
Introduction
Earthquakes are one of the most complicated natural phenomena. But from the view point of mechanics, the physical essence of earthquake is quite clear that it is just an abrupt shear rupture and sliding in a seismic source region accompanied by a sudden release of strain energy. Consequently, the seismogenic process should be a damage process of the focal media leading to the abrupt shear rupture. In other words, the seismogenic process is one of damage evolution which finally results in the occurrence of an earthquake. The basic idea of Load/ Unload Response Ratio (LURR) consists of depicting the damage of the seismogenic zone with the LURR measure, and then using this physical parameter as a basis to predict earthquakes. It has been about 30 years since LURR has been put forward (YIN, 1987 (YIN, , 1993 YIN and YIN, 1991; YIN et al., 1994 YIN et al., , 2006 . Since then, many basic problems have been studied, such as the means and criteria of loading and unloading of a crustal block with spatial extent reaching up to around 1000 km, the choice of responses to use in calculating LURR, retrospective studies of LURR for earthquake cases and the practice of earthquake prediction. In particular, the prediction of the location of the upcoming strong earthquakes has proven to be successful to a considerable extent. Namely,-95% earthquakes with magnitude C5 have occurred within the LURR anomaly region during 2004-2007 on the Chinese mainland (INSTITUTE of EARTHQUAKE SCIENCE 2008) . Many scientists who do not belong to our team have also conducted research on different kinds of problems with or related to LURR and have published over one hundred papers (TROTTA and TULLIS, 2006; XU and HUANG, 1995a, b; XIA, et al., 2002; YIN, 2005; ZHANG et al., 2006b, etc. incomplete list due to space limitation).
Peak Point of LURR and Its Significance
In recent years, we have worked out the evolution laws of LURR before strong earthquakes by many different means. Figure 1a through 1d show: (a) Experimental data: the evolution of LURR as a function of time in an acoustic emission experiment (YU, et al., 2003; ZHANG et al. 2006a) ; (b) Observed earthquake data: evolution of LURR before the October 17, 1989 Loma Prieta earthquake (YIN, 1993; YIN, et al., 1993 YIN, et al., , 1995 ; (c) Simulated damage evolution of a non-uniform brittle medium: evolution of LURR with time by numerical simulation LIANG, et al., 1998; ZHANG, 2009 ); (d) The damage evolution of a non-uniform brittle medium simulated with the Lyakhovsky model and the analytic result of LURR as a function of time (LYAKHOVSKY, et al. 1997 (LYAKHOVSKY, et al. , 2001 ZHANG, 2009) . The arrows indicate catastrophic events (earthquakes or catastrophic failure of a laboratory, numerical or theoretical specimen). The results of the four methods are consistent and all result in the same conclusion that in the early stages of the seismic cycle, LURR fluctuates around 1 and then it rises swiftly to its peak point (abbreviated pp). Catastrophic events do not occur at this peak point, but after it. Namely, the catastrophic events lag behind the peak point. This result is similar to what has been observed for results obtained based on the Critical Point Hypothesis for earthquakes where once the theoretical critical point is reached based on curve fitting (e.g. BOWMAN, et al., 1998; , WANG, et al., 2004 , the earthquake fault system is ''primed'' to enable a large runaway earthquake, but the large event occurs at some time later than the predicted critical point time or after stress correlations have built up within the system .
In this paper, we aim to improve understanding of the predicted magnitude and lag time of the large earthquake predicted by the LURR method, and hence, make advances in the potential reliability and accuracy of LURR for short to intermediate term earthquake forecasting. The lag time is denoted T 2 , the time from the beginning of the LURR anomaly to the peak point is denoted by T 1, and the total abnormal time is denoted by T,
According to research (ZHANG, 2006) T ¼ 80 1 À 2:5 Â 10
where M denotes the earthquake magnitude and T scales with month. Table 1 ( ZHANG, 2006) shows that while T 2 is much shorter than the seismic cycle, it is still quite a long time, e.g. T 2 is about 14 months for an earthquake with magnitude 6, T 2 is more than 2 years for an earthquake with magnitude 7, and T 2 could be 36 months (28 ± 8) for earthquakes of magnitude 8, namely as long as 3 years. This means that the ''big'' earthquake does not occur at the peak point (where LURR reaches its biggest value), but on the of order many months to a few years later after the LURR value has decreased from its peak value, sometimes down to a value even less than 1. This was exactly the situation in the case of the 2008 Wenchuan earthquake. Although we discovered a long time duration LURR anomaly in this area , we predicted that a strong earthquake would likely occur in this area during August 2006 to March 2008. However, at the end of 2007 it had still not occurred. In China, at the end of each year we are asked to provide a report to predict the earthquake tendency for the next year. In this report, we did not continue to insist on this prediction since the expected event did not occur by the end of 2007 even though the LURR anomaly existed for a long time (several years) and our initial time window for the predicted event was up to March 2008. Rather, we thought the prediction made in 2006 was likely a false one.
The above results (Eqs. 1-3; Table 1 ) have great importance on the practice of earthquake prediction since these equations provide a method for predicting the approximate occurrence time and its accuracy quantitatively (to a scale of months) if T pp (the time of the peak point) can be accurately calculated. Above all, based on the consistency of the LURR patterns in the laboratory, numerical simulations and theoretical analysis of damage mechanics with LURR patterns in seismic data, the variation of LURR could depict clearly the seismogenic process, and with equations such as 1 through 3, it may offer further ideas and methods for developing more reliable and quantitative earthquake prediction methods.
Improving the Prediction of Magnitude M and T 2 -Integrating LURR with the Dimensional Analysis Method
If the time of peak point has been determined, then T 2 can be calculated from formula (3) and hence, the occurrence time and error bars of the future earthquake could be predicted (ZHANG, 2006) . But it has been discovered that T 2 is not only a function of M, but also depends on other physical parameters in situ. For example, the cases of the Xinjiang Uygur Autonomous Region usually have a much shorter T 2 than the results calculated from formula (3) (personal communication with professor Wang Haitao who worked at the Seismological Bureau of Xinjiang Uygur Autonomous Region), so we use the dimensional analysis method (SEDOV, 1959) to study the problem. We use nondimensional quantities (p) instead of dimensional quantities to reveal the relation between M, T 2 and other parameters. It is postulated that magnitude M s (or its equivalent parameter E s , according to Gutenberg formula E s = 4.8 ? log 1.5 M) and T 2 could be separately related to the parameters: J, E a and_ c: Where (a) A measure of LURR anomaly, J (t)
R{Y C 1}, R denoted the region of LURR anomaly region. Table 1 T, T 1 and T 2 of different magnitudes of earthquakes calculated from Eqs. 1 to 3
Magnitude T (months) T 1 (months) T 2 (months) 5 9 4 5 ± 2 6 2 2 8 1 4 ± 4 7 3 3 1 1 2 2 ± 6 8 4 2 1 4 2 8 ± 8 9 4 9 1 5 3 4 ± 10
The error bar is from the Ph.D. thesis of ZHANG (2006) Vol. 170, (2013) New Progress in LURR-Integrating with the Dimensional MethodJ (t) is defined as in formula (4) which is used to denote the LURR anomaly area weighted with Y (the value of LURR) and represents the expanse and degree of the LURR anomaly region (seismogenic zone) during a specific time window [from (t-t w ) to t]. In fact, J (t) = Y a A, where A is the area of the LURR anomaly region and Y a is the average value of LURR for A. J pp means the value of J at peak point (pp) or the maximum of J. In order to calculate the value of J pp , the spatial scans of LURR for the Chinese mainland should first be conducted for a series of times (e.g. Fig. 2 ). Subsequently, J (t) is calculated according to Eq. 4. For example, Fig. 3 shows us the curve of J (t) for the Kaifeng region in the Henan province in east China. The P tt was January 2011, at that time J (t) reached its maximum value J pp (2.67 9 10 5 km 2 ). (b) Radiated seismic energy, E a : E a is defined as the sum of radiated energy of all earthquakes occurring in a specific region per year and per area measured during a long enough time duration which mirrors its average intensity of seismicity in a special region. In this paper we use the catalog from 1900 to 2009 of the Chinese mainland. That means the duration is 110 years. The distribution of E a in the Chinese mainland is shown in Fig. 4 in which the energy has transformed to magnitude M (in this paper magnitude M always means M s ) according to the Gutenberg formula and shown with the color bar at the right of the Figure. (c) Strain rate, _ c : _ c is the shear strain rate in situ. The distribution of _ c in the Chinese mainland can be obtained from the GPS measured results (SHEN, et al., 2003; GU, et al., 2001; LI et al. 2004 ).
There are 5 parameters involved (E s , T 2 , E a , _ c and J pp ) and 3 fundamental units (length, time and mass) in our problem. According to p-theorem (BUCKING-HAM, 1914), two non-dimensional quantities (p 1 and p 2 ) can be formed as below:
and
Fitting the data of about 50 earthquake cases on the Chinese mainland (magnitude from 4.7 to 8.1 and in recent years), we obtained that the curves and functions of p 1 versus M s (magnitude) and p 3 versus M s (Figs. 5, 6 ). According to the Gutenberg formula E s = 4.8 ? log 1.5 M and then it is obtained:
when the J pp , E a and _ c for a specific region have been obtained, the magnitude M s of the upcoming earthquake can now predicted from expression (8) and then the lag time T 2 can be obtained from expression (9). As an example of the application of this methodology, we researched the case of the Zhoukou earthquake. It is found that an LURR anomaly region appeared in the Kaifeng region (in the Henan province in east China) (Fig. 7) . According to the LURR spatial scanning of LURR for different time windows, J (t) and then J pp , and T pp were obtained (Fig. 3 ) (T pp = January 2011 and J pp = 2.67 9 10 5 km 2 ). Hence, according to Eqs. 8 and 9, the magnitude of the upcoming earthquake is estimated to be M s = 4.4 ± 0.5, and the time lag from T pp of the event is approximately T 2 = 11 ± 2 months (KORN, 2000) An earthquake with magnitude 4.7 occurred on October 24, 2010, in the town of Zhoukou (the epicenter is 34.1 N; 114.6). The epicenter (34.1 N°; 114.6°E) falls inside the seismogenic zone in Fig. 7 and its magnitude and occurrence time both fall within the predicted ranges. Though an earthquake with magnitude of 4.7 is not strong, this event was the biggest one in that region during the last half-century. Another case is in the expansive southwestern region (including Tibet, Qinghai and Yunnan). We have found a LURR anomaly region with a very large scale for many years in this region. Using the above method we roughly estimate that the magnitude of the future earthquake will be above M8 even M9, and its J (t) has not reached maximum yet, so we are not able to predict its lag time and hence occurrence time at present.
Conclusions and Discussions
Since the proposal of LURR, more than two decades have elapsed . Many achievements have been made in LURR theory and application during this long time including successful intermediate-term predictions and improved understanding of its physical mechanism and limitations, but there still exist many problems and also room for improvement, e.g. an understanding of the evolution law of LURR after the peak point may be useful for the application of the LURR method to short-term earthquake prediction.
As to the application of the dimensional method, the crucial problems are how to obtain/choose the parameters in situ. For example, the shear strain rate _ c of a specific region might change with time and if so, we would need to obtain some additional data to resolve this variation. 
